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Introduction

Highly underresohedyethigh- delity simulationof compressibléurbulent o wsdrivenby strong
shocksremainsa substantiachallengaein moderncomputationakcience. The presentdevelop-

mentaddsan adwancedphysics-basednodeling capability for these o ws to the CaltechASC

Centers Virtual TestFacility (VTF). Someissueghatwe addresgresentlyinclude:

Physicalaspects:
Needto resol\e certainregionsof the ow eld more nely thanothers;thin shearayers,
shocksandregionsof steepdensitygradientoroducedoy mixing andcomlustion.

Subgrid-scaldSGS)modelsrequiredfor turbulenceowing to the limitations imposedby
large Reynoldsnumberscaling. This includessubgridextensionof turbulencestatistics.

Numericalaspects:

Developmenbf anumericalschemeaneigingashock-capturingapabilitywith low-numerical

dissipationrequiredfor explicit SGSmodelingin smoothregions.

Rolustnesandwell-posedooundaryconditions bothfor in o wsandout ows, is desirable
(characteristibasedooundaryconditionsandstableboundarystencils)

Computationaéf ciency aspects:

Reductionof computationatostsby useof AMR strat@ies
Useof fastlinearalgebrapackages
Optimizationachiered, for example,by tablelookuptechniques

We presenexamplesof turbulent o w simulationusingLES performedwithin theblock-structured
adaptve meshre nementinfrastructureAMROC [3]. A fully compressibldormulation of the
transportequationsand the stretched-ortex subgrid-stressnodel [5] are integratedwith addi-
tional SGSmodelsfor speci ¢ closures.

Subgridmodeling

The stretched-ortex SGSmodelis utilized [5]. Hereit is assumedhatsubgridmotionis repre-
sentedby subgridvortical structuresTherequiredSGStermsareexpresseds
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whereeg; arethe directioncosinesof the subgridvortex axisand  is the subgridcutoff length
scale.Thesubgridkinetic enegy, Ksgs, IS givenby
Z 4
ksgs = E(K)dk (4)
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wherekc = = (. Thesubgridvorticesareassumedo take the form of a Lundgrenstretched-
spiralvortex with shell-summedubgridenegy spectrunof theform

E(k)= o5k Texp( 2k® =(3aj)): (5)

The parameter ¢ is the Kolmogorw prefactor is the local cell-averageddissipationanda =
Si e’e’ is theaxial strainalongthe subgridvortex axisprovidedby thelocally resohed o w with
rate-o{‘-strairtensor L@ @
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In orderto implementthe model,the e mustbe speci ed or otherwisedeterminedandthe com-
posite parameter o %= calculated. The e are modeledby alignmentwith extensionaleigen-
vectorsof §j; andwith the resoled-scalevorticity. The parameter o 233 s calculatedusing
resoled-scalesecond-ordevelocity structurefunctions.

Numericalmethod
Tunedcenteredstencilfor LES

We usethe tunedsecondorder centeredscheme(TCD) [4] that consistof an explicit 5-point
stencil,tunedto minimize truncationerrorsin LES simulations.For a uniform one-dimensional
discretizationat the pointsx; = hj, with ] = 1to N, the stencilformulafor the dervative of
f (xj) Is givenby
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dx - h ; (6)

where = 1=2 2 Iisrequiredfor secondrderaccurag. Thevalue = 0:197minimizesLES
truncationerrorsfor a ow eld with Kolmogoro/-type enegy spectrd4].

Hybrid centered-upwindetbrmulation

A key featureof thecenters approacho compressibleéurbulenceis theutilization of dynamically
adaptve stencilselection.Thisimplies

TCD stencilusedin turbulentregions
WENO stencilusedaroundshocks

Smoothtransitionbetweerschemeguarantiedy choosinghetargetoptimal WENQO stencil
to bethatof the TCD

Thechoiceof stencils(switch)is generallyin controlof theuser We currentlyusedk-split switch
criteria, CX, basedbn differenttechniquesiependingn the problem,

Pressur@anddensitycunature
Entropy condition
Least-squardiscontinuityregression
Non-linearpressuregradientmapping

Theswitchingis donein adirectionby directionmannermwith ne grainedcontrol(cell to cell) In

termsof ux esfollowing (
k Lo
Fk = Fwenos 1IN é 7
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whereF K is the ux vectorin directionk.
Stableboundarystencilsandboundaryconditions

We constructa stableboundaryclosure 2] of the rst orderdervative thatsatis esthesummation
by partsproperty thatin the caseof the TCD schemas givenby
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wheref is thevectorof discretizedvaluesandgyo = 1=2 ,p1=1=2+ andpr=1 t

canbeshaovn thata suitablyde ned enegy normis conseredfor (8). We alsousecharacteristic
basedboundaryconditions[9] to imposewell-posednesat openboundariesCancellatiorof un-
desiredncomingcharacteristievavesmakesopenboundariesion-re ectve. Whentheincoming
characteristicstrengthis known, asin in o ws, a penaltybasedechnique(SAT) associateavith
Eq.(8) is used.

Consenrative formulationfor AMR

Rolust LES solversrequirestablediscretizationsskew-symmetriclike. Our approachollows
primarily aformulation[1] wherecornvectve termsareevaluatedas
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Thesemodi cations apply to the momentum scalarand enegy conseration equationsandare

typically sufcient to improve stability of the simulations. Conserationin the AMR meshess
achiezedby usinga ux-basedapproaclwith convectve andskew-like ux esgivenby

9)

Fisimo = fisa+fi 2 +( + ) fi+1fijeq;
Foi1o =  aiw2b+a 1bs1+abo+ @b 1+ abea+ ab ;
respectrely.

Simulationresults

We investigatea RichtmyerMeshlov instabilitywherea shockinteractswith athin interfacestart-
Ing theaccelerationnducedmixing of the uids. Theshockre ects off theclosedendof a shock
tubeand reshocks'the interface,further driving the now turbulent mixing. This o w exercises
boththe LES andthe shockcapturingfeaturesof the solver with dynamicallyadaptve meshes.
Theresultsof mixing layergrowth ratearecompareadvith theexperimentameasuremen{4.0] for

caseMach 1.5 shockinteractingwith anAir-Sks interface(Fig. 1). Theunshockdair hasa den-
sity of 0.27885kg=m? andpressuref 23kPa. Thedomaindimensionare 0:20m x 0:62m

by 0O0135m vy 0O135mby 0135m z  0:135m. A perfectlyre ecting boundary
conditionis usedatthewall anda characteristi®oundaryconditionis usedatthe openboundary
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Figurel: RichtmyerMeshlov instability simulatedwith 3 levelsof AMR. Isosurficesof mixture
fraction (top) at differenttimes, ne meshregions(bottomleft) andmixing layerthickness
(bottomright).

Multiscalemodeling

Owing to its structuredbasis,the stretched-ortex SGSmodel allows multi-scalemodeling of
certainstatisticalquantitiesvia estimationof the contrilution to thesestatisticsof scalesbelow
theresolhed-scalecutoff, including

True multi-scalemodeling:matchingof 'inner' and'outer' scales
No free parameteremployedin matching

Usestretchednodelto computesubgridstatistics
Additional modelingallows predictionof Schmidtnumbereffectson mixing

To illustrateresults Fig.2 (left) shavs velocity spectran they z centerplan®f themixing layer
sometime afterreshock.Two-dimensionalgircle-averagedin ky  kz space)pectraareshovn
for boththe componenof thevelocity normalto they z plane(u), andinthey z plane.The
subgridextensionf theresoled-scalespectracanbe calculatedusingthe analysisof Pullin and
Safman|[7] andarede ned by
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where gistheanglemadeby thevortex axiswith the(y z)-planewithin acell. Thesubgridex-
tensionof thetwo spectramatchreasonablysmoothlyontothe resolhed-scalespectraandexhibit

a similar degreeof anisotroy in the out-of-plane(x  3'), comparedo the in-planedirections
(2D isotropy is expectedn they z plane).

Fig.2 (right) shavs mixturefractionspectraestimatedrom theresolhedscalesecond-ordestruc-
ture function of the scalaranddifferentlevels of mixing, parametrizedy the Schmidtnumber
It Is Importantto point out that, strictly speakingmixing is notrepresenteth the scalesof LES,
mixing canonly be estimated An approximatesolutionto the equationglescribinghe mixing of
apassve scalannsideastretched-spiralortex [6] IS usedto obtainedhe scalarspectrumwhich,
for thescalar , we expressn theform

I
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wherea is theaxialresoled-scalestrainratealongthesubgridvortex axis, isthesubgridvortex
circulationandK is agroupprefactorwhosenumericalvaluedepend®n physicalquantitieghat
describeheinternalstructureof thevortex andtheinitial scalar eld. Equation(12)is consistent
with phenomenologicahodelsfor scalamixing in turbulence;see [8].

10° . . . .

[N
o
-

2
E° k)

10"

10° |

'_\
o
[

~—~

= - 10%F
S =

LLI

w

'_\
o
EN [

10—10 |

\'

10 |

12] Ek) +EK) ]

5 10™ 0 2 4 6 8 10
10 10 10 10 K 10 10 10

'_\
o
o

Figure2: 2D planarisotropic(v; w - acrosghetube)andanisotropiqu) spectraacrosghecenter
of theturbulentmixing zone(TMZ) (left). Radialscalarspectravith subgridcontinuation
(brokenlines)assumingfrom left to right, Sc= 1, 10°, 1, and1( (right).
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